Abstract: Background: Simple sequence repeats (SSRs) are widespread molecular markers commonly used in population genetic studies. Nowadays, next-generation sequencing (NGS) methods allow identifying thousands of SSRs in one sequencing run, which greatly facilitates isolation and development of new SSRs. However, their usefulness as molecular markers still must be tested empirically on a number of populations to select SSRs with best parameters for future population genetic research. An alternative approach, cheaper and faster than isolation and characterization of new SSRs, involves cross-amplification of SSRs in closely related species. Aims: Our goal was to develop multiplex PCR protocols that will be useful in population genetic studies of Scots pine (Pinus sylvestris L.) and dwarf mountain pine (P. mugo Turra), and possibly other pine species. Methods: We tested 14 chloroplast (cpSSRs) and 22 nuclear (nSSRs) microsatellite markers originally designed for Japanese black pine (P. thunbergii Parl.), P. sylvestris and loblolly pine (P. taeda L.) in four populations of P. sylvestris and P. mugo across different locations in Europe. We designed six multiplex PCRs, which were subsequently screened for their ability to provide repeatable and high quality amplification products using capillary electrophoresis. Results: The transfer rate in our study was similar in both pine species, and it was very high for cpSSRs (93% and 86% for P. sylvestris and P. mugo, respectively) and moderate for nSSRs (59% for both species). We managed to design five well-performing multiplex reactions out of six initially tested. Most of the tested loci were polymorphic. Moreover, the allelic patterns detected at some cpSSRs were species-specific. Conclusions: We provide a set of five multiplexes which can be used in genetic studies of both P. sylvestris and P. mugo. Chloroplast marker PCP30277 is a good candidate for a cheap species diagnostic marker suitable for tracking interspecific gene flow between hybridizing species of P. sylvestris and P. mugo.
Introduction
Microsatellites (=simple sequence repeats; SSRs or short tandem repeats; STRs) are the class of repetitive DNA sequences present in both eukaryotic and prokaryotic genomes. With respect to population genetics of forest tree species, microsatellites have proved to be useful neutral molecular markers in studies focusing on genetic diversity (e.g. Chybicki et al., 2011; Litkowiec et al., 2015; Wójkiewicz & Wachowiak, 2016) , mating systems (e.g. Lian et al., 2001 ) and gene mapping (e.g. Echt et al., 2011) due to their high level of allelic variation and co-dominant mode of inheritance. The popularity of SSRs in genetic research of trees is also connected with the fact that they can be genotyped in one multiplex polymerase chain reaction (PCR). This technique allows amplification of two or more DNA fragments simultaneously. The possibility of multiplexing combined with capillary electrophoresis, which is based on a laser-induced fluorescence DNA technology, results in a cost-effective tool for genotyping large quantities of independent samples.
Till the next-generation sequencing (NGS) era, the development of novel microsatellite markers for forest tree species was difficult, costly and time-consuming. Currently, it is possible to identify thousands of microsatellite regions during one sequencing run of a genome or transcriptome. As a result, the isolation of new SSRs is no longer a real challenge, practically for any organism, including trees. Regardless of this, the usefulness of novel SSRs for population genetic studies still must be tested to verify which of them 1) provide repeatable, polymorphic and high quality amplification products, 2) are the most informative and 3) are transferable, which gives opportunity to perform genetic analyses at interspecific level.
The objects of our study were two very closely related pine species: Scots pine (Pinus sylvestris L.) and dwarf mountain pine (P. mugo Turra). At present these species have mostly allopatric distribution. P. sylvestris is the most widespread conifer in Europe and Asia, whereas P. mugo is typical to the mountain regions of Europe. We aimed at developing of efficient multiplex protocols for the amplification of chloroplast and nuclear SSRs (cpSSRs and nSSRs, respectively) in P. sylvestris and P. mugo, which we had pre-selected from a collection of 36 SSRs originally designed for P. thunbergii Parl., P. sylvestris and P. taeda L. (Table 1 ). The results of the cross-species amplification of cpSSRs and nSSRs are discussed in the light of their utility for future genetic research.
Methods
Four populations of P. sylvestris (128 individuals) and four populations of P. mugo (105 individuals) across different locations in Europe were analysed in this study (Table 2 ). The collected samples were stored in -20°C until DNA extraction. Genomic DNA was extracted from 50-100 mg of needle tissue, following the CTAB protocol as described by Dumolin et al. (1995) . RNase A was added to the final incubation step. The DNA concentration was measured with BioPhotometer (Eppendorf AG, Germany) and adjusted to 15 ng/μl.
We selected 14 chloroplast and 22 nuclear microsatellite markers available in the published literature (Table 1 ). CpSSRs were initially developed for P. thunbergii, whereas nSSRs for P. sylvestris and P. taeda. The markers were combined into six multiplex PCRs and screened for their ability to provide repeatable and high quality polymorphic amplification products of expected size. The loci were finally amplified in five multiplex PCRs in Applied Biosystems Veriti and 2720 thermal cyclers (Life Technologies, USA). The PCRs were carried out in a total volume of 10 μl, using the Qiagen Multiplex PCR kit (Qiagen, Germany). Each reaction contained about 45 ng of template DNA, 1x Qiagen Multiplex PCR Master Mix, 0.5x Q-Solution and 0.05-0.1 μM each of forward and reverse primers. All primers were tested individually prior to the performance of multiplex reactions. We used equimolar concentration of primers in the initial amplification procedures, which were subsequently adjusted to obtain an even intensity of the fluorescence signal. Amplification conditions were optimised across all multiplexes for both pine species. Details of final PCR parameters are described in Table 1 . The fluorescently labelled PCR products were separated on a capillary sequencer, the Applied Biosystems 3130 Genetic Analyzer (Life Technologies, USA). The GeneScan 500 LIZ Size Standard (Life Technologies, USA) was used as an internal size standard. The raw data were scored with the GeneMapper Software ver 4.0 (Life Technologies, USA), checked manually and converted into discrete allele sizes with the use of the AlleloBin software (Prasanth et al., 2006) . Two parameters were calculated for each species for cpSSRs: the number of alleles (A N ) and unbiased diversity (A uh ) using GenAlEx ver 6.5 (Peakall & Smouse, 2006) . A uh was computed as mean across all populations for each species. With regard to nSSRs, we used the multiple sample score test (U test for heterozygote deficit, Raymond and Rousset 1995) , implemented in GENEPOP ver 4.3 (Rousset, 2008) , to assess the significance of departures from Hardy-Weinberg equilibrium (HWE) for each locus, separately for each species. The frequency of null alleles (NAF) was estimated using FreeNA (Chapuis & Estoup, 2007) separately for each population and each species. A N , effective number of alleles (A E ), observed and expected heterozygosity (H O and H E , respectively) were calculated in GenAlEx ver 6.5 across all populations separately for each species.
Results & Discussion
The transfer rates were very similar in both P. sylvestris and P. mugo. We managed to transfer 13 (93%) and 12 (86%) out of 14 initially tested chloroplast microsatellites to P. sylvestris and P. mugo, respectively. Locus Pt36480 was successfully transferred only to P. sylvestris. Similar high values of transfer rates for cpSSRs were noted previously by Dzialuk and Burczyk (2004) , who proposed a multiplex PCR that consisted of six loci for population studies in P. sylvestris. With regard to nuclear microsatellites, the transfer rates were moderate (59%) for both pines. Similarly to our results, moderately low (26%) transfer rates were demonstrated by Celiński et al. (2013) , who tested the transferability of 19 nSSRs from P. sylvestris and P. taeda to P. mugo. In our study, 13 out of 22 nSSRs were amplified successfully in both species, but some loci that failed to amplify or gave poor results in P. sylvestris turned out to be useful for P. mugo and vice-versa (ptTX3107 and SPAC 11.4 only for P. sylvestris, whereas psyl16 and ptTX4001 only for P. mugo). Our results clearly show that the amplification of cpSSRs was more successful than nSSRs, which is most likely associated with the fact that the mutation rate of chloroplast DNA is lower than of nuclear DNA (Willyard et al., 2007) . As a result, the high sequence conservation among chloroplast genomes of conifers allows successful amplification of cpSSRs designed for P. thunbergii in closely (as in our study) or more distantly related conifer species.
Allelic variation of the analysed loci was high with mean 7.12 and 6.32 alleles per locus for P. sylvestris and P. mugo, respectively. Nearly all successfully amplified test: p = 0.63). Significant heterozygote deficit was observed for six loci (psyl18, psyl36, ptTX3107, SPAG 7.14, ptTX3025, and ptTX4011 (Table 2 ). Based on our results, we recommend to omit some nSSR loci with the frequency of null alleles exceeding 5%, including psyl18, ptTX3107, SPAG 7.14, and ptTX4011. Alternatively, a proper correction methods should be applied as, according to the simulation study by Chapuis and Estoup (2007) , the levels of classical parameters used to describe population differentiation are overestimated in the presence of null alleles.
Loci that exhibit species-specific allelic patterns are ideal for studies of interspecific gene flow and identification of hybrid zones. In the present work, the most pronounced differences were apparent for 2 cpSSRs: PCP45071 and PCP30277. Alleles scored for these loci did not overlap when the two species were taken into account. Only 2 bp difference was observed for PCP45071 and it does not seem to be a species-specific polymorphism as compared to other studies (Wójkiewicz & Wachowiak, 2016) . The difference for PCP30277 was at least 14 bp (Table 2) , and this locus can be useful as a diagnostic marker to track interspecific gene flow in the species' contact zones. Regarding interspecific differences for nSSRs, we observed opposing tendencies for psyl2 and SPAG 7.14. Higher variants in P. sylvestris as compared to P. mugo were identified for psyl2, whereas lower sizes were typical for SPAG 7.14. Variants scored for P. mugo represented a subset of those identified in P. sylvestris for four loci: psyl42, psyl44, psyl57, and ptTX3025. For these markers, longer alleles, preferred in P. sylvestris, were absent in P. mugo. The same A N was observed for ptTX2146 for both P. sylvestris and P. mugo, but some individuals of P. mugo had alleles shorter and others longer than P. sylvestris. As oppose to cpSSRs, there was no locus which had non-overlapping alleles when compared in both pine species (Table 2) .
Conclusions
We provide five well-performing multiplexes consisting of sets of chloroplast and nuclear microsatellites that can be applied in population and conservation genetic studies of both P. sylvestris and P. mugo, and possibly of other pine species, e.g. from the P. mugo complex. The markers seem particularly useful for the assessment of the background neutral genetic variation that is necessary to further look for genetic signatures of natural selection in candidate genomic regions. Due to their high genetic variability, they could also be applied in the identification and tracking of plant material. Furthermore, the marker that exhibits species-specific allelic patterns (PCP30277) seems ideal for studies of interspecific gene flow in the species' contact zones. Such studies accompanied by analyses of sequence variation at candidate genomic regions will help to address questions related to the role of hybridization in evolution of P. sylvestris and P. mugo (Wachowiak et al., 2015 (Wachowiak et al., , 2016 . Our study clearly confirms that cross-amplification seems to be a good first choice alternative to the de novo development of microsatellite markers, especially for species with poor genomic resources. The possibility of genotyping using multiplex PCRs makes their application additionally time and cost-effective.
